The present article presents simulation results of a combined photovoltaic panel (PV) with natural flow single-channel thermal collector device (PV/T) for different thermal performance modes. The efficiencies of the PV/T and the same size photovoltaic panel are compared. Stress analysis was performed to realize the system's limitation and resistibility to hydrostatic pressure. At different modes of operation, the photovoltaic efficiency was 6-15% higher for PV/T than for PV. The photovoltaic efficiency of PV/T was less influenced by insulation than that of PV, and combined thermal and photovoltaic efficiency was higher in insulated PV/T. Because of the hydrostatic pressure of water, the proposed design PV/T can use only limited existing PV panels which is a big disadvantage compared to other designs.
Introduction
The main concept of the PV/T system is to provide a photovoltaic converter (PV panel) with heat removal by means of a liquid (water) or gas (air) heat carrier. It is a single device in which photovoltaic efficiency is increased by lowering PV temperature, and the solar energy that does not take part in photovoltaic conversion is converted into thermal energy. Previews literature shows that the application potential of PV/T is already acknowledged through many studies [1, 2] . They have low operating costs and expected service of 20-30 years, very suitable for building integration [3, 4] and drying applications [5] . Market potential of PV/T is higher because it has a higher total conversion rate of solar energy compared to photovoltaic and solar thermal systems separately [6, 7] .
However, the reliability and cost of the product [8] and costs of recoupment, production, and installation [3] are still issues to be solved in order for PV/T to be successfully implemented [2] .
One of the promising concepts is the single-channel PV/T, which requires less materials, so it is cheaper. Maximal heat exchange is insured by a large heat exchange surface from direct contact of water with the back surface of the photovoltaic converter.
The revision of works concerning PV/T devices shows that most of the latest reviews [2] [3] [4] [8] [9] [10] [11] refer to a single theoretical study [12] of single-channel PV/T device, which concluded that "the channel-below-transparent-PV design gives the best efficiency; but since the annual efficiency of the IV-on-sheet-and-tube design in a solar heating system was only 2% worse, and is easier to manufacture, this design was considered to be a good alternative." Another study [13] used a similar collector design coupling with linear Fresnel concentrator because, according to the results shown in [12] , "it gives one of the best ratios of electrical to thermal efficiencies in high irradiance conditions." Another article [14] is limited to an experimental study of a channel collector PV/T device prototype with a 1:29 × 0:33 m surface. Authors of a later work [15] also consider such design, but the existing information, on channel PV/T devices, is not enough to evaluate the full potential of this concept. Many related formulae were used in [16] , but the concept itself has optical disadvantages and the design limits are not discussed. In addition, the authors omit the influence of glass cover reflectivity, temperature gradient of the PV structure, and bottom side insulation.
This article presents photovoltaic performance and overall valuation of the proposed PV/T and highlights the advantages and disadvantages of this particular construction for various applications. The system uses natural flow, which is more cost effective and has reduced hydrostatic pressure on PV and collector construction. Analyses were executed using experiments and modeling in order to realize the system's limitations in performance, construction, and geometry.
Methodology
2.1. Performance Model. Simulation of PV/T in realistic conditions was done using a developed model, where the temperature gradient along vertical axes on the PV surface and of the water inside the collector is linear, and no temperature gradient along horizontal axes for both in any direction. System energy balance:
which can be schematically represented as follows: Different from amorphous silicon, temperature coefficient of a crystalline silicon solar cell is not temperature dependent [17] . So constant temperature coefficient can be used to calculate the photovoltaic performance, which is taken as C T = −0:0054.
Energy balance of the collector part is
Energy balance of the water tank is
The model was described in detail, and its outputs were compared with the indoor and outdoor experimental measurements in the earlier work [18] . The volume of the water inside the channel will change according to its geometry. The water tank is a horizontal cylinder, located just above the PV/T, and has a length equal to the top side of PV/T. The diameter of the cylinder will adjust according to the given total volume of the water in the system, without the part inside the channel. The model does not take into consideration the inlet and outlet water tubes connecting the water tank and the channel.
To evaluate the quality of thermal performance, the exergy efficiency of heat production is calculated using the following equation:
where T 2 = ðm ch /ðm ch + m t ÞÞTw + ðm t /ðm ch + m t ÞÞTt (m ch and m t are the mass of the water in the collector and water tank, accordingly), η th = Q t /ðI * A * dtÞ (A: area of the PV, dt: exposure time to sunlight I), and the system has the following total efficiency:
2.2. Material Durability Model. It was noticed during the tests that the collector channel bottom was deformed (bent) under the hydrostatic pressure of water. The manufacturer assured that the bending is in the range of the load safety margin. Nevertheless, bending of the collector bottom above 1 mm could potentially cause cracks in the adhesive between the PV and collector, which, in the long term, results in water leakage. Stability of the glass of the PV converter against hydrostatic pressure is also important, because excessive bending can destroy solar cells. For this reason, the bending properties of galvanized iron sheets and glass of different thicknesses were modeled, using SolidWorks software. The main purpose was to identify minimum thickness that can be used for construction, because the thickness of the material increases both weight and cost. Use of corrugated waveshaped construction of the collector bottom was found to be a better option [19] . In the present work, the bending of the collector bottom of a bowed shape was analyzed, since it is simpler from application point of view compared to a corrugated shape. Hydrostatic pressure was calculated using the following formula:
The factor of safety was calculated to evaluate the stability of the construction. For identification of the minimum possible safety factor at the maximum possible hydrostatic pressure and bending, the formula (8) is used at α = 0. The weight of the construction is calculated using the estimated material thickness. A detailed description of the model is given in [19] . The size of the experimental PV/T device was chosen to be 0.2 m 2 to provide resistance to hydrostatic pressure, since a commercial photovoltaic panel would be used that was not designed for this purpose.
Hydrostatic pressure from flow is insignificant because the cross sections of water inlet and outlet are equal and the system uses natural circulation. Load due to the weight of 2
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Limits and Conditions.
To avoid mistakes in the comparison of the efficiency of the PV panel and the PV/T, the efficiencies are normalized to the reference values, for each device obtained at STC, η/η ref . Normalized electrical efficiencies are calculated for the PV panel and for the PV/T functioning in three different thermal performance conditions (modes):
(i) Mode M1: The water inside the system is not replaced during the day. This is the case for a system which is let alone during the day and heated water is utilized in the evening or during the night time (ii) Mode M2: The water inside the system is replaced with 20°C feed water when reaching 40°C. Considering the temperature dependence of the photovoltaic efficiency, this mode gives an insight to plausibility of such system to be used for producing "useful" (pre)heated water of a certain temperature, which can be used for example in hot water supply, space heating, drying, or else (iii) Mode M3: The inlet water temperature is kept constantly equal to the ambient temperature. This mode corresponds to the task when the temperature of the PV is lowered using ambient temperature. In reality, this can be achieved by circulating water in the system through a radiator, which can be mounted at the back (shade) of the PV/T Thermal performance was evaluated using the same modes.
System was simulated using calculated values of solar irradiance for two different days of the year:
(i) March 1 (D1) and daily lowest and highest temperature of 0°C and 20°C, respectively. This date was chosen to minimize uncertainty due to temperatures below zero, since the model does not consider the phase change of the water (ii) August 1 (D2) and daily lowest and highest temperature of 20°C and 40°C, respectively, corresponds to the days of similar temperature range in given location On average, the surface temperature of the PV/T system was 13°C lower than that of the surface temperature of the PV panel, and a time lag of 5 hours between temperature maximums. Higher surface temperatures are reached at high irradiance hours for the PV panel and high ambient temperature hours for the PV/T. Thus, there are two mechanisms that provide increased power generation in PV/T: (1) reducing the temperature of the photoelectric converter in general and (2) providing a lower temperature particularly in highradiation hours. the temperature can be prevented if it is used in PV/T even in M1 mode, i.e., without replacing the water in the system during the day. At the end of the day, the photovoltaic efficiency of PV/T is smaller than that of PV, because its temperature is higher due to the higher temperature of the water in the system. At this point, the water in the system will start cooling down if the check valve is not used (iii) Photovoltaic efficiency of the PV/T during the day was up to 20% higher than that of PV in modes M2 and M3. Photovoltaic efficiency of the PV/T in these two modes are comparable 3.2. Photovoltaic Performance. The daily dynamics of normalized efficiencies of the system in different modes simulated for the cases when the water tank and backside of the collector is with and without insulation. The influence of insulation is of interest since insulation adds cost and weight to the construction. Besides, an insulated system behavior gives insight into the cases of building integration, where the building insulates backside of the collector and the water tank is located inside and insulated from outdoor temperatures. Photovoltaic efficiencies of PV/T in modes M1 (Figure 3(b) ) differ when used with or without insulation that is similar to PV panel (Figure 3(a) ). However, for the PV/T in modes M2 and M3 (Figures 3(c) and 3(d) , respectively), photovoltaic efficiencies are almost the same when used with or without insulation.
Results and Discussion
Due to the lowered temperature, similar for March (D1) and August (D2), the photovoltaic efficiency of the device is higher than that of a PV panel even in M1 mode (Figure 3(b) ) around 6%; in mode M2 (Figure 3(c) ), the photovoltaic efficiency of PV/T is higher over 15%, and in mode M3 (Figure 3(d) ), the system's photovoltaic efficiency is around 15% higher than that of PV.
If the PV panel is closely fixed to a surface (for example, a wall or a roof), this serves as an insulation that increases its temperature and can decrease the PV efficiency by an additional 11% (Figure 3(a) ). In case of PV/T, the insulation additionally reduced the photovoltaic efficiency by 8% in the M1 mode (Figure 3(b) ); effect of insulation on photovoltaic efficiency in other modes was insignificant (Figures 3(c) and 3(d) ). (Figure 4 ). The results presented in Figure 4 are calculated for ideal conditions: ideal insolation at clear sky and zero wind speed thus represents the device performance at its best. The results in Figures 4(a) and 4(b) show that the PV/T device keeps the properties of a solar collector and can heat the water to higher temperatures (Figure 4(a) ) or to produce water of a certain temperature (Figure 4(b) ). Figure 4 (c) demonstrates that the system has an effective flow rate that does not allow the water to heat up a lot higher than the ambient temperature (mode M3).
Total Efficiency Evaluation. One of the main features of
the PV/T system is its thermal energy, which is generated in addition to the electrical energy generated by its photoelectric converter. The amount of the exergy efficiency of the system demonstrates the amount of additional thermal energy produced by the system that is qualitatively comparable to electricity. The exergy efficiency of heat production in insulated PV/T is bigger due to its higher thermal efficiency ( Figure 5(a) ), and the temperature difference between water and the environment, especially in a cooler day (D1′). The exergy efficiency in the M3 mode is comparable in isolated and nonisolated cases and for different seasons due to the small temperature difference (1) for isolated and nonisolated cases (Figure 3(c) ) and (2) water and the environment due to the specification of the mode.
Another feature of the PV/T system is the increase in the photovoltaic efficiency due to heat removal from photovoltaic converters. As can be seen in Figure 5(b) , the magnitude of the improvement in photovoltaic efficiency (η PVT − η PV ) ( Figure 5(b) ) is higher than that of exergy generated by thermal energy (Figure 5(a) ). Improvement in photovoltaic efficiency in the case of the insulated system is also higher because insulation decreases PV efficiency more ( Figure 5(c) ). Consequently, in the case of insulation, the PV/T system has a higher total normalized efficiency compared to PV (Figure 5(c) ). In general, total normalized efficiency of the PV/T system is higher in cooler days ( Figure 5 (c) D1, D ′ ). The small exergy efficiency of heat production in M1 (Figure 5(a) ) on hot days (D2) is obvious by formula (6), since the outlet water temperature of 40°C is 5 International Journal of Photoenergy very close to the ambient temperature. For the same reason, the exergy efficiency of heat production in M1 ( Figure 5(a) ) is high because it always produces water with a higher temperature than the ambient temperature, especially when using insulation.
The amount of daily water utilized in the system is also an important feature and depends on the working mode. The thermal model for the test size device of 0.2 m 2 PV/T will produce water at the same temperature if it uses 10 to 40 liters. Performance in mode M3 is regular if more than 10 liters of water is used. The modeling of the system in mode M2 resulted in maximum daily production of water of 40°C temperature, 93 liters in summer (D2), 38 and 11 liters in a cool day (D1) for insulated and not insulated system accordingly.
3.5. Influence of the Hydrostatic Pressure. Figure 6 shows the results of the material durability model: bending, factor of safety, and weight of glass of different thicknesses.
Calculated bowed shape collector bottom had 3 cm bending ( Figure 6(c) ).
Material durability analysis shows that geometry is very important for this particular PV/T design. The tested size of the device can be produced by using a PV converter since it is made of glass thicker than 2.7 mm, to insure >1 mm bending ( Figure 6(a) ). The use of reinforced glass is more suitable because its safety factor is more than 2.5 times higher ( Figure 6(a) ). A plain construction of the collector bottom will add over 3 kg weight to the weight of PV converter, because the sufficient thickness of the metal sheet is over 1.8 mm ( Figure 6(b) ). The collector bottom can be made thinner in case of BIPV/T, when it will be supported by the facade or roof of the building. Otherwise, the added weight can be reduced below 1 kg if the bowed shape construction of the collector bottom is used ( Figure 6(c) ). The calculations showed that larger-sized devices of this construction are not plausible due to the added weight. For example, a similar analysis of glass for a device sized 1 × 1 m showed that the Figure 6 : Results of the material durability model: (a) glass; galvanized steel: (b) plain sheet, (c) bowed shape; 1 maximum bending (mm); 2 weight (kg); 3 factor of safety; 4 factor of safety for reinforced glass. 6
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Conclusions
The surface temperature of the photovoltaic panel up to 91°C was recorded during the experiments; the maximum PV/T surface temperature on the same day was 74°C. The maximum temperature of the PV panel is reached at the maximum irradiance, resulting in maximum losses in daily production. The maximum temperature of the PV/T is reached at the maximum ambient temperature hours, which leads to an increased electricity generation by lowering the temperature of the photoelectric converter and providing higher photovoltaic efficiency especially during high radiation hours. Real-time photoelectric efficiency has been shown to decrease by more than 25% during the day compared to its nominal value. At least 10% efficiency degradation was avoided in the PV panel used in the PV/T system, and up to 20% efficiency degradation prevented when the PV panel is used in the PV/T system with a limited/controlled water temperature.
The simulated performance characteristics of the proposed single-channel PV/T for insulated and not insulated conditions in three different application modes on two different days of the year were presented. The PV/T photovoltaic efficiency and the PV module of similar nominal characteristics were compared. Insulation, which may be due to the integration of the PV of the roof or facade, seriously affects its effectiveness, reducing it by about 30% during a colder day with a maximum ambient temperature of 20°C and about 40% on a hot day with a maximum ambient temperature 40°C. In the case of the PV/T system, even if it is not used during the day, and heated water is used in the evening or at night, these values are slightly higher than 20% and about 35%, respectively, at the corresponding water temperatures of above 65°C and 85°C, respectively. The minimum realtime efficiencies were approximately 10% lower than the nominal values on both cold and hot days when the PV/T system is used to produce water at a temperature of 40°C. When the generated heat is dumped to the environment to ensure the cooling of the photovoltaic converter, the minimum real-time efficiencies were about 2% on a cold day and about 12% on a hot day, at corresponding water temperatures above 20°C and 40°C, respectively. In both cases, the effect of isolation was negligible; thus, there is no problem of photovoltaic efficiency degradation due to building integration, which is observed for the PV panel. Moreover, the insulated PV/T system produces more heated water in a cool day.
Paradox of PV/T, where thermal production verses electrical production, requires good balance of the two to ensure efficacy. Since thermal energy and electrical energy are not comparable directly, the exergy efficiency of heat production is used. Calculated exergy efficiency of heat production is at least 2 times than the improvement in photovoltaic efficiency in the same mode compared to PV panel. In all modes, the overall normalized PV/T efficiency is higher than the efficiency of the PV panel, especially in cases of insulation, therefore when integrated into a building.
The analysis showed the advantage of a combined photovoltaic panel with a single-channel thermal collector with natural flow in various modes; however, in a system with a larger surface area, the glass of the photovoltaic converter must be thicker to withstand the hydrostatic pressure of water, and this is a big disadvantage compared to other designs. A likely application would be the connection of horizontally located small units, and this, of course, will impede its large-scale use.
